[1] The light elements Li, Be, and B have been analyzed in situ in minerals from three groups of peridotite xenoliths hosted in Quaternary basanites from the Marsabit volcanic field (northern Kenya). Group I and II are fertile lherzolites that experienced deformation, decompression, and cooling in the context of Mesozoic rifting (Group I), followed by heating, static recrystallization, and associated cryptic metasomatism (Group II) as a result of Tertiary-Quaternary rifting and magmatism. Group III xenoliths are spinel harzburgites and dunites that experienced strong cryptic and modal metasomatism. The Li-Be-B systematics in minerals of Group I and II are similar to unmetasomatized subcontinental lithospheric mantle. In contrast, Group III samples are characterized by significant enrichment in all light elements and disequilibrium partitioning between different phases. Light element concentrations levels are similar to that expected for mantle rocks metasomatized by melts and fluids released from subducting slabs, while light element/rare earth element ratios (especially Li/Yb) approach those of typical Island Arc basalts. However, detailed investigation of textures and chemical zoning shows that at least Li concentrations in primary minerals were modified (i.e., decoupled from Yb) during late-stage melting and/or fluid percolation related to Tertiary-Quaternary alkaline magmatism in Marsabit (formation of melt pockets consisting of silicate glass, clinopyroxene, olivine, and chromite), ultimately followed by xenolith entrapment and transport to the surface. Mass balance calculations show that the melt pockets formed at the expense of earlier metasomatic phases. During this process the melt pockets mostly preserved the B, Be, and rare earth element budget of the precursor phase assemblage, whereas Li was added. Elevated B/Be and low Ce/B of metasomatic phases prior to late melting could result from metasomatism by a slab fluid. However, similar characteristics are expected for evolved Si-and CO 2 -rich fluids derived from basanite melt-peridotite interaction, not related to any subduction zone process. The results of this study imply that the inference of a ''slab signature'' exclusively based on trace element data of metasomatized peridotite is ambiguous.
Introduction
[2] The geochemistry of the low atomic mass elements Li, Be and B (hereafter called ''light elements'') is increasingly used to constrain metasomatic and magmatic processes in the Earth's mantle and in volcanic rocks. Li, Be and B systematics (including Li and B isotopes) are modified in the oceanic lithosphere during interaction with seawater making the light elements useful to detect and track subducted components either in volcanic products [e.g., Ryan and Langmuir, 1987 Ishikawa and Nakamura, 1994; Brenan et al., 1998a Brenan et al., , 1998b Chan and Kastner, 2000; Leeman and Sisson, 2002; Tomascak et al., 2002; Elliott, 2003; Elliott et al., 2004] , metamorphic rocks [Bebout et al., 1993; Peacock and Hervig, 1999; Zack et al., 2003; Marschall et al., 2006] or mantle rocks [Scambelluri et al., 2004 [Scambelluri et al., , 2006 Paquin et al., 2004] from convergent tectonic settings.
[3] The question to which extent light elements can be used as tracers for long-time crust-mantle recycling is currently highly debated. Recent studies, for example, report Li isotope ratios in mantle rocks from continental rifts [e.g., Brooker et al., 2004; Nishio et al., 2004] and in mid-ocean ridge basalts (MORB) [Elliott et al., 2006] that can be explained in terms of components that reflect fluidmediated processes in subduction zones (i.e., dehydration of subducting lithosphere causing Li isotope depletion in the recycled slab and enrichment in the overlying peridotitic mantle wedge [e.g., Tomascak et al., 2002] ). On the other hand, there is evidence from mantle xenoliths that intraplate mantle metasomatism can lead to significant light element enrichment (e.g., Li enrichment in olivine by carbonatite and/or silicate melt [Seitz and Woodland, 2000; Woodland et al., 2004] or B enrichment in clinopyroxene by fluids [Ottolini et al., 2004] ).
Further, Seitz et al. [2004] suggested that Li isotope fractionation, e.g., between olivine and clinopyroxene, occurs also at high temperatures in the mantle. This is supported by recent experiments that provide evidence for both temperature-dependent fluid/mineral isotope fractionation (in the order of 1% at 900°C between clinopyroxene and aqueous fluid [Wunder et al., 2006] ) and kinetic fractionation as a result of different diffusivities of 6 Li and 7 Li in melts [Richter et al., 2003; Lundstrom et al., 2005] and minerals (e.g., diopside [Coogan et al., 2005] ). Detailed in situ measurements of Li isotopes in minerals from mantle xenoliths and mafic lavas show that diffusion during late-stage mantle metasomatism [Jeffcoate et al., 2007; Rudnick and Ionov, 2007] or melt-mineral reaction in lavas [Parkinson et al., 2007] can produce strong grain-scale Li heterogeneity, with respect to both concentrations and isotope compositions. The results of such processes open the possibility that the ''slab signature,'' at least in terms of Li systematics, is not distinctive.
[4] In summary, the potential of light elements as tracers for different mantle processes is far from being fully understood. This comes also from the fact that most previous light element studies mainly focused on Li systematics while data sets including B and Be are still scarce, and the influence of intraplate mantle metasomatism on light elements compared to classical trace elements, such as the rare earth elements (REE), remains poorly investigated [Ottolini et al., 2004; Raffone et al., 2006] .
[5] In this study we report Li, Be and B abundances in minerals from peridotite xenoliths (Marsabit, Kenya). Earlier petrological and geochemical studies have shown that the uppermost mantle in this region is compositionally and structurally strongly heterogeneous as a result of rifting-related thinning and uplift in the Mesozoic and reheating accompanied by cryptic and modal metasomatism related to the development of the East African Rift System (EARS) and the Tertiary-Quaternary Marsabit magmatic system [Henjes-Kunst and Altherr, 1992; Kaeser et al., 2006 Kaeser et al., , 2007 . It is therefore a very suitable case to investigate the systematics of the light elements in mantle rocks that experienced various processes, including different styles of subsolidus mineral reactions, mantle metasomatism resulting from fluid and/or melt infiltration and late-stage melting phenomenon. The aim of the study is to put new constraints on the light element content of subcontinental mantle, as well as to investigate to which extent light element abundances can be used as tracers for subducted material in intraplate tectonic settings.
Sample Context and Results From Earlier Studies
[6] The Marsabit mantle xenoliths are hosted by Quaternary basanitic and alkali-basaltic scoriae from cinder cones on the Marsabit shield volcano (northern Kenya, about 150 km eastward of Lake Turkana [see Henjes-Kunst and Altherr, 1992] ). Besides minor pyroxenite, the major rock types are different groups of mantle peridotite on which this study focuses. They are distinguished on the basis of textures and mineralogical composition (for details, see Kaeser et al. [2006] ) and include porphyroclastic formerly garnet-bearing spinel lherzolites, hereafter referred to as (grt)-spl lherzolites (Group I; Figure 1a ), granular statically recrystallized (grt)-spl lherzolite (Group II; Figure 1b ) and cryptically and modally metasomatized spl harzburgite and dunite (Group III; Figure 1c ). Group III is further subdivided into three subtypes (Type III-a to -c; see below). The Marsabit mantle xenoliths were earlier investigated in detail for textures, mineralogy, major and trace element geochemistry and thermobarometry [Henjes-Kunst and Altherr, 1992; Kaeser et al., 2006] . Metasomatism and melting features in Group III xenoliths are further addressed in a separate paper [Kaeser et al., 2007] . The results of these earlier studies are summarized in the following (note that primary olivine (ol), clinopyroxene (cpx) and orthopyroxene (opx), even when cryptically metasomatized, will be referred to as ol-I, cpx-I, and opx-I, whereas newly crystallized ol, cpx, chromite (micro-phenocrysts in melt pockets) and metasomatic opx (contains phlogopite inclusions) will be named Ol m , Cpx m , Chr m and Opx m , respectively (where m stands for ''metasomatic'')).
Rift-Related Thinning of the Continental Lithosphere
[7] The possibly oldest features of the lithospheric mantle beneath Marsabit are preserved in Group I (grt)-spl lherzolites. These rocks provide evidence of an earlier high-pressure/high-temperature stage ($970-1100°C at depths around 60-90 km; mainly based on geothermobarometers of Brey and Köhler [1990] ; see Kaeser et al. [2006] for details), similar to nonrifted subcontinental lithospheric mantle, such as actually present underneath southern Kenya [Henjes-Kunst and Altherr, 1992] . This stage most likely corresponds to the lithospheric conditions prior to continental rifting. All three peridotite types show indications for later cooling, decompression and pervasive deformation (to very low mantle P-T conditions of $700-800°C at depths $30-40 km), which is interpreted to reflect the results of riftrelated lithospheric thinning. During these events Group I and II rocks passed from the garnet-into the spinel-stability field, which is indicated by the presence of spl-opx-cpx symplectites (ubiquitous in Group I and II, rare in Group III) and by the preservation of ''garnet signatures'' in Group I samples (low HREE and Al concentrations in cpx-I cores [Kaeser et al., 2006] ). The cpx-rich nature of Group I xenoliths is interpreted to reflect subsolidus mixing between former grt websterite and peridotite during deformation, supported by the presence of centimeter-sized cpx-and symplectite-rich layers [Kaeser et al., 2006, Figure 2a] . Small amounts of Ti-pargasite and phlogopite (Table 1) in Group I samples are most likely derived from this pyroxenitic component. Although volcanism in Marsabit is related to the young EARS, the volcano itself is situated within the older Anza rift [e.g., Morley et al., 2006] , about 150 km eastward of the EARS. Therefore rifting-related features preserved in the underlying mantle were interpreted to be more likely of Mesozoic-Paleogene (Anza-related) rather than of Tertiary-Quaternary age (EARS-related; see Kaeser et al. [2006] for details).
Reheating, Recrystallization, Metasomatism
[8] Group II and III xenoliths provide evidence for a later thermal event associated with metasomatism. During this event older features (riftingrelated; see above) were obliterated, indicating that metasomatizing agents are most likely related to the development of the EARS and the Marsabit magmatic system. In Group II xenoliths, reheating (up to $1100°C at <1.5 GPa [Kaeser et al., 2006] ) was accompanied by static recrystallization and cryptic metasomatism (i.e., enrichment of cpx-I in FeO, TiO 2 , LREEs, U, Th and Nb relative to Group I clinopyroxene). Calculated trace element patterns of melts in equilibrium with Group II xenoliths indicates that metasomatizing agents were silicate mafic melts compositionally similar (and possibly genetically related) to the Quaternary basanites erupted at the surface of Marsabit [Kaeser et al., 2006] .
[9] Further evidence for Tertiary-Quaternary metasomatism can be found in the porphyroclastic Group III peridotite xenoliths (Group III), which show a textural transition from cryptically metasomatized spl harzburgite (Type III-a) via cpx-Ibearing (III-b) to cpx-I-free (III-c) modally metasomatized harzburgite and dunite. The latter two contain metasomatic orthopyroxene (Opx m ), amphibole (Mg-katophorite), Na-rich phlogopite, graphite and apatite. The phase assemblage, P-T conditions (<1.5 GPa), as well as major and trace element characteristics indicate that this type of metasomatism resulted from the infiltration of volatile (H 2 O, CO 2 )-rich Si-rich fluid and/or melt in a preexisting heterogeneous mantle [Kaeser et al., Figure 1f ) composed of empty vugs and secondary Cpx m or Chr m respectively. The composition of silicate glass and mass balance calculations clearly show that melt pockets did not result from interaction between the xenoliths and their host magma, but formed by incongruent melting of amphibole ± orthopyroxene ± phlogopite (see Kaeser et al. [2007] and section 6.3). Ubiquitous empty bubbles in glass and occasionally high amounts of Mg-calcite suggest that melting was triggered by infiltration of a CO 2 -bearing fluid.
Li, Be, and B Abundances in Minerals
[11] Abundances of the light elements Li, Be and B were measured in all silicates and in melt pocket glass of 7 xenoliths including at least one representative sample of each peridotite group (Table 1) . We analyzed mineral pairs (rim-rim contacts), as well as traverses across single grains to obtain information on zoning (for analytical methods, see Appendix A). Representative concentrations and relative analytical uncertainties (2s), along with major element data, are given in Table 2 .
The complete data set is available as auxiliary material 1 (Table S1 ). The ranges and average abundances of Li, Be and B for each mineral are illustrated in Figure 2 . Generally, minerals in both porphyroclastic and statically recrystallized formerly grt-bearing lherzolites (Groups I and II) carry less light elements than the metasomatic spl harzburgites (Type III-a to -c). The latter are further characterized by a larger variation of light element abundances which is mainly due to significant zoning of minerals (Figures 3-5 ). In the modally metasomatized harzburgites (Type III-b and -c), both the primary anhydrous silicates and the newly formed volatile-bearing minerals (amphibole and phlogopite) are variably enriched in Li, Be, and B compared to Group I and II samples. Silicate glass is the phases with the highest light element concentrations, but shows strong variation from one sample to another (Table 2 and Figure 2 ).
Lithium
[12] Among the primary anhydrous minerals (ol-I, opx-I, cpx-I) in the studied mantle xenoliths, olivine is the major carrier of Li. In the formerly grtbearing rocks (Groups I and II), Li abundances decrease from olivine (1.27-1.86 mg/g) via clinopyroxene (0.59 -1.10 mg/g) to orthopyroxene (0.56-1.02 mg/g). Group I Ti-pargasite and phlogopite have the lowest Li concentrations (0.48-0.69 and 0.73-0.86 mg/g, respectively).
[13] Compared to Groups I and II, all minerals from the metasomatized spl harzburgites (Type III-a to -c) are enriched in Li and show considerable compositional variation (Figure 2 ), as a result of both zoning (Figures 4 and 5) and intergrain heterogeneity (e.g., opx-I core compositions in sample Ke 1965/1 change from $1.0 to $2.2 mg/g over a few centimeters). Average abundances (Figure 2 ) are in the order of 2.5-5.3 mg/g (ol-I), 1.6-2.0 mg/g (cpx-I), and 1.4-3.2 mg/g (opx-I and Opx m ). Mg-katophorite and Na-rich phlogopite contain 2.48-5.17 mg/g and 0.63-5.14 mg/g Li. High concentrations are found in Ol m and Cpx m microlites in melt pockets (up to 9.54 mg/g and 5.71 mg/g, respectively). The associated glass shows the highest Li abundances (9.72-22.0 mg/g; Figure 2 ). These concentrations are higher than those reported from glass of mineralogically similar melt pockets found in xenoliths from Victoria, Australia (3.17-10.9 mg/g [Woodland et al., 2004] ). (21) [Currie, 1968] and are therefore only qualitative values (i.e., above L C of Currie [1968] ).
Beryllium
[14] Besides glass, amphibole and phlogopite are the major hosts for Be (up to 4.72 mg/g in Type III-c Mg-katophorite, and 3.80 mg/g in Type III-c phlogopite). However, large variations were observed between different samples (e.g., very low Be abundances in Ti-pargasite and phlogopite from the Group I xenolith; Figure 2 ). In anhydrous silicates of Groups I, II, and Type III-a, Be exhibits only limited variation (Figure 2 ). Concentrations decrease from cpx-I (0.055-0.16 mg/g), via opx-I (0.007-0.049 mg/g), to olivine (at the ng/g level, mostly close or below the limit of detection; Table 2 ). Clinopyroxene and orthopyroxene in the modally metasomatized spl harzburgites (Type IIIb to -c), on the other hand, show considerable Be enrichment (0.14 -0.50 mg/g in cpx-I, and 0.016-0.32 mg/g in opx-I and Opx m ; Figure 2) . Clinopyroxene in melt pockets shows the highest Be concentrations (0.17 -0.91 mg/g), and even olivine microlites (Ol m ) contain detectable amounts of Be (up to 0.12 mg/g). By far the highest Be concentrations were measured in silicate glass (up to 34.9 mg/g; Table 2 ). (Table 2) . Ti-pargasite (0.13-0.20 mg/g) and phlogopite (0.71-0.87 mg/g) in sample Ke 1963/2 (Group I) show slightly elevated concentrations, but nonetheless, compared to Mg-katophorite and Na-rich phlogopite from Type III-b and -c xenoliths, they are B-depleted (Figure 2 ). Mgkatophorite in sample Ke 785* contains up to 6.02 mg/g B. Within the melt pocket assemblage, silicate glass is the major host for B (4.01-11.9 mg/g), followed by Ol m (0.088-0.75 mg/g), and Cpx m (0.11-0.65).
Boron

Light Element Zoning
[16] Mineral zoning profiles for light elements and major elements (where available) are illustrated in Figures 3-5. Considering the relative analytical uncertainties (2s), zoning was in most cases restricted to Li and is generally more developed in the cryptically and modally metasomatized spl harzburgites (Type III-a to -c). Further, core-rim zoning strongly depends on the phase adjacent to the analyzed grain. All minerals in contact with silicate glass (irrespective of xenolith group) display Li enrichment on the outermost $150 mm (Figure 4e or Figures 5a and 5b) . Further, Li enrichment of olivine adjacent to glass can be accompanied either by increasing or decreasing B contents ( Figure 5 ). The latter is confined to zones were olivine is in contact with resorbed Opx m or Cpx m -poor melt pockets (such as displayed in Figure 1d ).
[17] A second type of zoning pattern occurs in pyroxenes (but not in olivine) in sample zones devoid of glass. There (irrespective of the neighboring phases) Li abundances decrease on the outermost 150-200 mm (Figures 3a and 3b and 4a-4d). The different behavior of Li, depending on the presence of glass, can be observed on a very small scale. For example, the analyzed cpx-I from the Group I xenolith (Ke 1963/2; Figure 3a) shows decreasing Li abundances at the contact with another cpx-I grain, whereas the other side of the grain (at $2.5 mm distance), in the vicinity of a tiny glass veinlet (Figure 1a) , is significantly enriched in Li. Significant Be and B zoning was [18] Profiles where major element data are available show that that light element zoning is sometimes coupled with major element variation. Mg#s in olivine adjacent to glass, for example, always increase simultaneously with Li abundances (e.g., Figure 5a ). In pyroxenes from Group III harzburgites, decreasing Li abundances coincide with decreasing [IV] Al, CaO and Na 2 O, while SiO 2 and MgO contents slightly increase. In a composite low-Al Opx m grain Li and Be patterns are parallel to the [IV] Al profile, whereas B mimics the SiO 2 and MgO patterns (Figure 5e ).
4. Partitioning of Li, Be, and B: Degree of (Dis)equilibrium [19] As the xenoliths from Marsabit display complex metasomatic features, it is important to constrain to what extent chemical equilibrium was attained in the different phase assemblages during their evolution. In the following we will show that minerals from Group I and II xenoliths exhibit near-equilibrium partitioning of light elements. In the case of the Group III spl harzburgites and dunites minerals are generally out of equilibrium. The exception are Cpx m and Ol m microlites and silicate glass in melt pockets that occasionally attained equilibrium with respect to Li concentrations.
Groups I and II
[20] Minerals from Group I and II lherzolites are all characterized by limited variations in light elements and concentration levels overlapping with those defined for ''normal'' mantle peridotite (Figures 2 and 6 ) [Seitz and Woodland, 2000; Ottolini et al., 2004] . Further mineral/mineral partition coefficients ( min1/min2 D element ) for Li (Figures 6a and 6c ) based on analyses of mineral rims in contact with each other yield values similar to those derived from equilibrated peridotite xenoliths [Eggins et al., 1998; Seitz and Woodland, 2000] . Group II sample Ke 1958/20 recrystallized and re-equilibrated at high temperatures [Kaeser et al., 2006] (Table 1) . Although cryptically metasomatized (see section 2.2), minerals in this xenolith can be interpreted to be in complete chemical equilibrium as indicated by the lack of zoning with respect to all trace (including Li, Be and B; see Figures 3c and 3d) [Brenan et al., 1998a; Seitz and Woodland, 2000; Kaliwoda, 2004; Ottolini et al., 2004] . We therefore used D B and D Be values based on this sample as estimates of D B eq. and D Be eq. between ol, cpx and opx (the green lines and D values in Figure 6 ).
[21] Minerals from the other Group II sample (Ke 1958/13) and from the Group I lherzolite are compositionally different with respect to major and trace elements [Kaeser et al., 2006] and are not equilibrated (Figures 3a and 3b) . Nevertheless, rim pairs indicate that light elements are similarly distributed as in the equilibrated Group II xenolith (except Be between cpx and opx; Figure 6f ). Thus the different P-T evolution and metasomatic modification of the three samples had only a subtle effect on the light element systematics. [23] Also, calculated amph/phl D values (1.00 for Li, 2.95 for Be and 3.84 for B) indicate disequilibrium with respect to light elements when compared to D eq. from experiments (i.e., 0.51, 3.78 and 0.76, respectively, for basanitic systems at 1050°C and 2.0 GPa [Adam and Green, 2006] ). This is in agreement with disequilibrium indicated by other trace elements (e.g., LREEs, Zr, Hf [see Kaeser et al., 2007] ). Disequilibrium partitioning also accounts in most cases for silicate microlites (Ol m and Cpx m ) in melt pockets, which show large scattering on mineral/mineral plots ( Figure 6 ).
Group III
[24] Also, calculated mineral/melt D Be and D B values based on the composition of microlites (Cpx m and Ol m ) and silicate glass indicate disequilibrium partitioning as they yield values that cover the entire range of published mineral/melt partition coefficients obtained at different P-T-X conditions (see Figure 7 for references). Only D Li derived from Cpx m /glass pairs yield values in good agreement with experimental data (Figure 7 ). This may be explained by the combination of the small grain sizes of microlites (<200 mm) and very high diffusivity of Li in melts [e.g., Richter et al., 2003] and minerals [Coogan et al., 2005] . In diopside, for example, Li self diffusion is several orders of magnitude faster than for other cations (e.g., Ca and Mg [see Coogan et al., 2005] ). The diffusion of B and Be has only been investigated in Si-rich melts [Jambon and Semet, 1978; Mungall et al., 1999] indicating diffusion coefficients $10 orders of magnitude lower than in the case of Li [Richter et al., 2003] . Strong compositional zoning of microlites with respect to major elements (e.g., Na 2 O and Cr 2 O 3 in Cpx m [Kaeser et al., 2007] ) is in line with the interpretation that complete equilibration of microlites with the melt was never reached for most elements.
[25] In summary, light element systematics in all minerals from the metasomatized spl harzburgite (Type III-a to -c) point to important disequilibrium processes compared to normal mantle partitioning and exhibit heterogeneity on small scales. Chakraborty, 1997] is also very fast compared to diffusion of other elements (e.g., Ca, Al or REEs in clinopyroxene [Sautter et al., 1988; van Orman et al., 2001] ). Therefore preservation of zoning patterns for Li (in pyroxenes and olivine) and Mg# (in Type III-c olivines) in mantle rocks indicates that the event responsible for chemical modification was short-lived and occurred during late-stage processes shortly before the rocks quickly cooled to temperatures where further diffusive re-equilibration effectively stops. In the case of mantle xenoliths such rapid cooling only takes place once xenolith-bearing magmas are erupted to the surface. This is in agreement with the presence of quenched melt now preserved as fresh glass.
Causes for
[27] Using experimentally determined diffusion coefficients (e.g., Coogan et al. [2005] for Li in cpx and Chakraborty [1997] for Fe-Mg in olivine) and on the basis of the assumption that zoning is solely due to diffusive re-equilibration, the observed profiles can be fitted to simple diffusion models based on the solution of Fick's second law for diffusion in a sphere (see Figure 8 caption for [1998] at P > 3 GPa are not plotted). details). This approach is certainly simplified, as factors such as the crystallographic orientation of mineral grains were not taken into account and effects such as resorbed or overgrown mineral rims are difficult to assess (e.g., there is textural evidence of growth of new Ol m at the expense of ol-I rims; see Figure 1d ). Nevertheless, these models can be used to obtain a rough estimate of the duration of melt-or fluid-rock interaction. The results shown in Figure 8 indicate that rimward Li depletion such as in cpx-I from sample Ke 1965/1 could be produced in several days, even at the low temperatures at which this xenolith partly reequilibrated (834 ± 37°C; Table 1 ). Mg-Fe zoning of Type III-c olivine (xenolith Ke 1965/3) in contact with glass would be achieved in the orders of few years (Figure 8 ). This estimate is even a maximum value as this calculation is based on relatively low temperatures during mineral-melt reaction and comparatively low Mg-Fe interdiffusion coefficients based on experiments conducted at low oxygen fugacities (10 À12 bars [Chakraborty, 1997] ). Considering the temperature uncertainty of the mineral-melt reaction event (1246 ± 136°C; based on the olivine-spinel thermometer of Ballhaus et al. [1991] , using the composition of Chr m and Ol m microlites; see Table 1 ) and higher diffusion coefficients at higher oxygen fugacities [Gaetani and Watson, 2000] , durations could be even shorter, in the order of several days (not shown), similar to the Li diffusion model for Type III-a cpx. These results are in good agreement with similar models for the formation of silicate glass-bearing melt pockets in mantle xenoliths [e.g., Shaw and Klügel, 2002; Shaw et al., 2006] .
[28] Yet, diffusion rates of Li in olivine are not constrained experimentally. However, Li (and occasionally B) concentrations in Type III-c olivines are zoned over similar distances as Mg#, suggesting that diffusivities of Li, B and Mg-Fe in olivine are in the same orders of magnitude. 
where C x is the element concentration at the distance x from the contact; C 0 is the element concentration at the contact x = 0; C 1 is the element concentration in the mineral's core; D is the diffusion coefficient; t is the duration of the diffusion event; and erfc is the complementary error function [Crank, 1975] . In the Figure 8a [Chakraborty, 1997] ). Error bars in Figure 8a correspond to 2s of single Li analyses and in Figure 8b to 1s of the average olivine core composition. For further details, see text.
Origin of Li Enrichment and Depletion
[29] As outlined above, the well expressed Li zoning profiles in all phases with contacts toward glass (Figures 3a and 5) indicate ongoing very latestage diffusional re-equilibration with a melt. This type of zoning is similar to grain-scale Li heterogeneity reported from peridotite xenoliths from San Carlos (USA) and far-east Russia [Jeffcoate et al., 2007; Rudnick and Ionov, 2007] . In both studies, increasing Li concentrations toward mineral rims (accompanied by Li-isotope fractionation) is interpreted to reflect late-stage peridotite-melt (or fluid) interaction. This interpretation is in agreement with diffusion models and petrographic evidence from this study.
[30] Li depletion of glass-free pyroxene rims, on the other hand, needs another explanation. We did not find clear evidence to which process this is related; however, four different hypotheses can be invoked:
[31] 1. Li zoning is not solely the result of simple diffusion but is related to the major element composition of pyroxenes (i.e., incorporation mechanisms of Li in pyroxene, such as coupled substitutions).
[32] 2. Li zoning is the result of rapid cooling of the xenolith (e.g., after eruption at the Earth's surface).
[33] 3. Li is lost as a result of late-stage in situ partial melting of clinopyroxene during heating and decompression of the xenolith in the host magma.
[34] 4. Li diffuses out of cpx-I (and opx-I) rims as a result of fluid or vapor percolation along grain boundaries and cracks opened by brittle fracturing during rapid xenolith decompression in the host magma.
[35] As shown in the following, hypotheses 1 and 2 are less likely to play an important role. We therefore favor an explanation based on diffusional Li loss either as a result of small degree late clinopyroxene melting or of fluid and/or vapor percolation along grain boundaries.
[36] Hypothesis 1 (substitution mechanisms) would be supported by the fact that some profiles show zoning of major elements (e.g., Na and Al [IV] ) over the same distances as for Li. Major element zoning in these samples is interpreted to reflect cooling from medium to low mantle temperatures ($900°C to $800°C [Kaeser et al., 2006] ), which occurred prior to late-stage mineral-melt/ fluid reaction [Kaeser et al., 2007] . These low temperatures are, however, still high enough to allow fast Li self-diffusion in cpx [Coogan et al., 2005] (Figure 8) . In other words, if Li abundances were initially modified during coupled temperaturedependent major element modification, this effect would be most likely obliterated during later selfdiffusive re-equilibration. Summarizing, we believe that the effects of fast Li diffusion are much more important in controlling Li zoning patterns, especially when compared with effects of substitutions of traces of Li coupled with major elements (e.g., cpx with <2 mg/g Li compared to around 10'000 mg/g Na).
[37] Subsolidus Li modification upon late cooling (hypothesis 2) can possibly be excluded as Li loss in pyroxenes should be accommodated by Li gain in another phase, such as olivine (e.g., if
ol/cpx D Li is temperature-dependent). This is, however, never observed. Further, also cpx-I -cpx-I contacts (e.g., Figure 3a) show Li depletion, which cannot be explained by simple cooling.
[38] We therefore remain with hypotheses 3 (cpx-I melting) and 4 (fluid or vapor percolation). Clinopyroxene melting has been invoked to explain ''spongy'' clinopyroxene rims from lavas [Hibbard and Sjöberg, 1994] and xenoliths [e.g., Franz and Wirth, 1997; Carpenter et al., 2002; Shaw et al., 2006] , and would be in line with the occurrence of similar textures observed in this study (Figure 1f) . However, this does not explain Li depletion of opx-I rims, which show no sign of melting.
[39] Alternatively, it may be speculated that Lipoor fluid or vapor percolation along grain boundaries and cracks led to continuous leaching of Li from pyroxenes. Given the low D Li for both cpx/ fluid and opx/fluid [e.g., Brenan et al., 1998b] , this could explain Li depletion in both cpx-I and opx-I. Volatile-rich fluids and vapor exsolution from magma are known to be important factors of triggering xenolith entrapment [e.g., Lensky et al., 2006, and references therein] , and brittle fracturing of the xenoliths, allowing vapor and fluid to percolate, is indicated by their friable aspect.
[40] Both late decompression melting (hypothesis 3) and fluid/vapor percolation (hypothesis 4) would have occurred during xenolith transport in the host magma. Ascent of xenolith in basaltic magmas occurs in the order of tens of cm/s [e.g., Spera, 1984] , implying xenolith-magma interaction of several days to months only (i.e., based of a maximum sampling depth of <50 km corresponding to <1.5 GPa). These time spans are similar to those calculated from Li diffusion models in diopside (Figure 8) . The fact that only pyroxenes but not olivine recorded this process could indicate that Li diffusion coefficients in both cpx and opx are higher than in olivine. This hypothesis is supported by results from other studies which inferred higher diffusivities at least for clinopyroxene compared to olivine [Jeffcoate et al., 2007; Rudnick and Ionov, 2007] .
Comparison Between Light Elements and REEs: Implications for Metasomatic Signatures
[41] Previous trace element investigation (using LA-ICPMS [see Kaeser et al., 2006 Kaeser et al., , 2007 ) on all samples included in this study allows us to compare the systematics of light elements with those of ''classical'' trace elements, such as the REEs. In this respect, Ottolini et al. [2004] proposed a plot of Li/Yb versus Ce/B in peridotitic clinopyroxene in order to identify different types of metasomatized peridotite and to define the Li-B versus REE systematics of the (hypothetical) ''nonmetasomatized'' subcontinental lithospheric mantle (SCLM). Similar plots are illustrated in Figure 9 , showing Li/Yb, Ce/B, as well as B/Be ratios of clinopyroxene and amphibole from all samples analyzed in this study. Amphibole is included as Type III-c xenoliths lack primary cpx-I, thus amphibole becomes the major host of REEs in mantle peridotite [e.g., Eggins et al., 1998 ]. As LA-ICPMS analyses for mineral rims are not always available, only mineral core compositions are taken into account (except for cpx-I in the Group I xenolith which is characterized by strong corerim zoning of HREEs; see below). Figure 9 shows that amphibole and clinopyroxene cover a large spectrum in terms of Li/Yb, Ce/B and B/Be ratios. Especially in the case of Li/Yb, this includes signatures inferred to be typical for mantle peridotite that has interacted with fluids released from subducting oceanic lithosphere (i.e., characterized by low Ce/B and high Li/Yb and B/Be ratios; see details below). In the following, the significance of these light element/REE signatures for the metasomatic history of the different xenolith groups will be discussed. We will show (1) that strongly varying Li/Yb values can result from both subsolidus mineral reactions and late-stage mineral-melt reaction (melt pocket formation) and (2) that low Ce/B and B/Be possibly simply reflect the signature of any type of metasomatizing fluid, which is not necessarily related to a subducting slab.
Group I Xenoliths: Effects of Subsolidus Processes
[42] Although the Group I lherzolites contain minor Ti-pargasite and phlogopite, their constituent cpx-I are LREE-depleted and compare well with the signature found in typical nonmetasomatized peridotite [Eggins et al., 1998; Kaeser et al., 2006] . In line with this, light element concentrations in cpx-I (as well as in ol-I and opx-I) fall within the range of the ''normal mantle'' values ( Figure 6 ) [Seitz and Woodland, 2000] ). Consequently, as expected, their Ce/B ratio is in good agreement with the SCLM estimate of Ottolini et al. [2004] . On the other hand, the low HREE contents in the cores of cpx-I from Group I lherzolites result in Li/Yb ratios higher than SCLM (Figure 9a ). This is, however, obviously due to the preservation of a garnet-facies signature preserved in the Group I clinopyroxenes, as reflected by core-rim zoning of HREEs (i.e., Yb in cpx-I of sample Ke 1963/2 Yb increases from $0.17 to $4.15 mg/g [Kaeser et al., 2006] ). Consequently, Li/Yb variation in this case does not imply metasomatism but reflects subsolidus HREE repartitioning during the garnet-spinel transition (see Ionov [2004] for similar subsolidus REE fractionation processes). This highlights that Li/Yb ratios of clinopyroxene can only be applied to discriminate melt signatures from different tectonic settings when other processes such as subsolidus decoupling of Li from Yb can be clearly excluded.
Group II Xenoliths: Effects of High-T Metasomatism
[43] Clinopyroxenes from the two heated and recrystallized Group II lherzolites (Ke 1958/13 and 1958/20) are LREE-enriched [Kaeser et al., 2006] . In contrast, the light element abundances are only slightly higher than in LREE-depleted Group I lherzolites (Figure 2 ), resulting only in small deviations from the SCLM (Figure 9a ) or ''normal mantle'' fields ( Figure 6 ). Restricted intergrain and intragrain variability, with respect to both REEs [Kaeser et al., 2006] and light elements (Figure 2 ) as well as mineral/mineral D values close to inferred equilibrium partition coefficients (Figure 6 and section 4.1), indicates that during this high-temperature metasomatizing event, minerals nearly equilibrated with the percolating melt. On the basis of REE patterns of calculated melts in equilibrium with Group II xenoliths, we proposed earlier that Group II lherzolites interacted with a basanitic or alkali-basaltic melt of an already evolved composition, resulting from chromatographic trace element fractionation [Kaeser et al., 2006] . Such a calculated melt in equilibrium with the completely homogenized Group II xenolith Ke 1958/20 would have 4.9 mg/g Li, 3.2 mg/g Be and 5.8 mg/g B (using the average Li, Be and B of ol-I, opx-I, and cpx-I, bulk partition coefficients based on mineral/melt D values of Brenan et al. [1998a] and relative modal abundances as given in Table 1 ; spinel was neglected due to low modal abundances). These values compare well with typical light element budgets of OIB type intraplate basaltic rocks [e.g., Ryan and Langmuir, 1987; Dostal et al., 1996; Ryan et al., 1996; Ryan and Kyle, 2004; Tanaka and Nakamura, 2005; Gméling et al., 2007] . This also holds true for Ce/B and B/Be of the hypothetical melt (Figure 9b ), but not for the Li/Yb ratio, which is significantly lower ($0.5) than in any typical mantle-derived melt (Figure 9a ). This apparent mismatch can be explained by chromatographic trace element fractionation processes during which elements with strongly different bulk rock/ melt partition coefficients will be fractionated from each other [e.g., Navon and Stolper, 1987] . Using the modal composition of xenolith Ke 1958/20, the bulk partition coefficient ratio for Li and Yb (D Li / D Yb ) is $3 while D Ce /D B is $1 and D B /D Be is $0.6. This implies that during chromatographic trace element fractionation, Li will be effectively fractionated from Yb, while fractionation of B, Be and Ce is more limited. Consequently, more evolved liquids will still reflect the Ce/B and B/Be ratios of the initial (or primary) metasomatizing melt. The slightly elevated Ce/B ratios of the Group II clinopyroxene (compared to the SCLM; Figure 9a [1996], Tanaka and Nakamura [2005] , and Gméling et al. [2007] for B (considering only analyses from MORB with >7 wt% MgO). Field for IAB (Figures 9a and 9b ) based on data from the Panama [Defant et al., 1991; Tomascak et al., 2000] and Vanuatu arcs [Peate et al., 1997] .
2004]. Such a subtle effect on Ce/B and B/Be can be expected as long as no agent with strongly differing B and Be solubilities (e.g., hydrous fluids), and no minerals able to fractionate these trace elements are present. Amphibole crystallization, for example, would potentially lead to increase B/Be ratios in a remaining fluid or melt (due to amph/melt D B < D Be [Brenan et al., 1998a] (Figures 2 and 6 ) and cpx-I (where present) and amphibole are characterized by fractionated light element/REE ratios ( Figure 9 ). However, these minerals are all associated with late-stage melt pockets (samples Ke 785* and Ke 1965/15; see Table 1 ). Therefore the effect of late melt pocket formation on the light element and REE budget of preexisting cpx-I and amphibole has to be assessed, before their initial light element signature can be discussed.
[45] Textures indicate that melt pockets result from incongruent melting of earlier phases induced or triggered by a CO 2 -bearing fluid according to a reaction such as
Similar processes related to melt pocket formation in mantle xenoliths were described by Ionov et al. [1994] and Ban et al. [2005] , for example. Mass balance calculations based on major elements show that during this process, the bulk melt pockets inherited large parts of the major and trace element budget of the precursor phases (mainly amphibole; see Figure 10 caption and Kaeser et al. [2007] for details). The only component added in greater quantities is CO 2 (now stored in Mg-calcite). However, rimward modification of primary minerals adjacent to melt pockets supposes that exchange with the melt occurred at least to some extent and that melt pockets are not closed systems with respect to all components. We tested this hypothesis on the example of xenolith Ke 785*, by applying the mass balance parameters derived from major elements to the light elements, as well as to Ce and Yb. The result is illustrated in Figure 10 , which shows that reaction (1) preserved (within errors) the trace element budget with respect to B, Be, Ce and Yb, whereas Li concentrations are higher in bulk melt pockets than in the precursor phases involved in reaction (1). This indicates metasomatic Li addition during melt pocket formation, probably by the CO 2 -bearing fluid inferred from major element mass balance. Mantle-derived CO 2 -rich liquids can be extremely Li-enriched, as shown in studies of Li systematics in natrocarbonatite melt from Oldoinyo Lengai, for example (211-292 mg/g Li and Li/Yb >1880 [Simonetti et al., 1997; Halama et al., 2007] ; see Figure 9a ). Such melts or fluids (note that natrocarbonatite is interpreted by some authors to represent condensed CO 2 -rich fluid [Nielsen and Veksler, 2002] ) may therefore be effective agents for Li metasomatism in the mantle.
[46] Decoupling of Li from other trace elements is in agreement with light element zoning in Mgkatophorite (Figure 5c ), characterized by increasing Li contents toward rims, while B and Be profiles are flat. Such zoning indicate that the relic precursor phases in melt pockets no longer preserve their original Li/Yb ratios. Consequently high Li/Yb values in Group III xenoliths cannot be used to determine the metasomatizing agent responsible for earlier amphibole formation. In contrast, the mobility of B, Be and REEs during late-stage melting is restricted compared to Li. In the case of B, this is illustrated by its very heterogeneous distribution in melt pocket phases of different textural context on a very small scale (e.g., comparatively B-poor Ol m microlites or selvages on ol-I form at the expense of B-poor Opx m ; see Figures 1d and 5a ). This makes Ce/B and B/Be ratios more robust tracers for the amphiboleforming metasomatizing event than Li/Yb.
Is There a Subduction-Related Component in the Group III Harzburgites?
[47] Concluding from the above descriptions, Li enrichment during melt pocket formation obliterated the geochemical signature of earlier metasomatic phases with respect to Li/Yb ratios, whereas Ce, Be and B were less affected. However, Li concentration in the cores of large ol-I porphyroclasts from Group III samples, away from enriched rims, are still significantly higher than expected for unmetasomatized peridotite [Seitz and Woodland, 2000; Ottolini et al., 2004 ] (see Figure 6 ). This, together with elevated B/Be and low Ce/B ratios of cpx-I and amphibole presumably unaffected by late metasomatism, raises the question whether the metasomatizing agent was a fluid or melt released from subducting lithosphere. On the basis of the enrichment of Li and B in subducting slabs compared to the depleted upper mantle [Ryan and Langmuir, 1987; Leeman and Sisson, 2002] , slab-released fluids would preferentially enrich the overlying mantle wedge in Li and B compared to REEs and Be [e.g., Paquin et al., 2004; Scambelluri et al., 2006; Raffone et al., 2006] . Such fluids would further explain other geochemical features of amphibole and cpx-I in Type III-b and -c xenoliths such as high REE/HFSE ratios [Kaeser et al., 2007] , resulting from low HFSE solubilities in hydrous fluids and/or presence of HFSE-rich minerals (e.g., rutile) in the residual subducting slab [e.g., Brenan et al., 1995; Keppler, 1996; Stalder et al., 1998; Klemme et al., 2005; Kessel et al., 2005] . Similar metasomatic signatures in mantle samples from tectonic settings above or close to subduction zones are commonly interpreted to result from the percolation of slab-derived melts or fluids [e.g., Maury et al., 1992; Kepezhinskas et al., 1996; Grégoire et al., 2001; Laurora et al., 2001; Parkinson et al., 2003] .
[48] On the other hand, the last tectonic event that potentially led to subduction-related metasomatism in the lithospheric mantle beneath Marsabit was the formation of the East African Orogen in PanAfrican times (720-550 Myr [e.g., Meert, 2003] ). In contrast to this, early metasomatism in the Group III samples is texturally young, and clearly overprints the penetratively deformed fabric of the premetasomatic ''protolith'' [Kaeser et al., 2006] . Deformation and associated decompression and cooling were attributed to Mesozoic rifting (formation of the Anza Graben [Kaeser et al., 2006] ). Metasomatism must thus be related to the TertiaryQuaternary magmatic activity at Marsabit. Consequently, if the early metasomatic assemblage in Group III xenoliths contains a subduction-related component, it must be an old mantle domain modified by ancient slab fluids that remelted in the Tertiary-Quaternary. Preliminary Pb and Sr isotope data on minerals from sample Ke 785*, however, do not point to any ''slab-related'' component (E. Bourdon, personal communication, 2006) . Whatever the origin of the light element enrichment in Marsabit is, we would like to emphasize that it is in any case not straightforward to postulate ''subduction signatures'' based only on trace element patterns from single minerals, especially in cases where ample evidence for extensive melt-rock reaction and disequilibrium processes exists (such as the Group III xenoliths; see Figures 6 and 9). Especially ''slab-tracers'' such as Li isotopes and Li/Yb ratios in mantle minerals from tectonic settings away from any present-day subduction zone are particularly prone to be modified by later metasomatism related to intraplate magmatism that ultimately led to xenolith entrapment. This can be the result of diffusive Li isotope fractionation [Jeffcoate et al., 2007; Rudnick and Ionov, 2007] and diffusive decoupling of Li from Yb during late-stage mineral-melt reaction as shown in this study (see section 6.3). Alternatively, there is growing evidence that other effective metasomatizing agents such as CO 2 -rich and Siundersaturated melts like melilitites and nephelinites Klaudius and Keller, 2006] , carbonatites [Cooper et al., 1995] and natrocarbonatites [Simonetti et al., 1997; Halama et al., 2007] can have very high Li/Yb ratios as well.
[49] Also, low Ce/B and elevated B/Be ratios in metasomatic phases prior to late melting (see Figures 9 and 10) do not necessarily imply the impact of slab fluids. There are several recent studies which highlight the potential of melt-rock reaction, reactive porous flow and chromatographic trace element fractionation to produce such residual volatile-enriched Si-rich and even carbonated fluids of variously enriched trace element composition starting from relatively ''ordinary'' mantle melts including intraplate alkali basalts or basanites [e.g., Bedini et al., 1997; Xu et al., 1998; Ionov et al., 2002; Bodinier et al., 2004; Rivalenti et al., 2004] . A similar fluid could have led to the crystallization of volatile-bearing phases assemblage in Group III-b and -c xenoliths (Mg-katophorite, phlogopite, apatite, graphite), while the presence of Opx m at low mantle pressures (<1.5 GPa) excludes other metasomatizing agents such as carbonatitic melts [e.g., Lee and Wyllie, 2000] . Given the expected highly fluid-mobile character of B compared to REEs or Be [e.g., Brenan et al., 1998b; Kessel et al., 2005] , metasomatic minerals forming from such evolved fluids would be expected to have low Ce/B and high B/Be and thus ''slab-like'' signatures.
Summary and Conclusions
[50] 1. The Li-Be-B systematics in minerals from unmetasomatized, deformed, decompressed and cooled Group I lherzolite are similar to other estimates on the light element content of unmetasomatized peridotite. Highly variable Li/Yb values of clinopyroxene are not a metasomatic signature but can be explained by subsolidus garnet breakdown (HREE repartitioning).
[51] 2. Light element abundances in minerals from reheated and cryptically metasomatized Group II lherzolite deviate only slightly from values typical for unmetasomtized lherzolite. Calculated melts in equilibrium with an equilibrated Group II xenolith have relatively low light element abundances, similar to those of typical intraplate alkali basaltic magmas. This is in agreement with calculated REE patterns of melts in equilibrium with Group II xenoliths, which are similar to Tertiary-Quaternary alkali basalts and basanites that ultimately transported the xenoliths to the surface [Kaeser et al., 2006] .
[52] 3. In contrast, modal metasomatism in Group III harzburgite and dunite shows evidence for addition of light elements by evolved volatileand Si-rich fluids and/or melts during EARS-related metasomatism in the shallow lithospheric mantle. Light element signatures such as Li/Yb, Ce/B and B/Be ratios are similar to what would be expected for minerals in mantle peridotite metasomatized by fluids/melts containing a slab-derived component. However, mass balance calculations and simple diffusion models show that late melting/crystallization events (i.e., the formation of typical melt pockets) can strongly modify the light element systematics in mantle xenoliths. This is especially the case for the very fast diffusing element Li. Interpreting Li systematics (including Li isotopes [see Jeffcoate et al., 2007; Rudnick and Ionov, 2007] ) thus necessitates careful knowledge of late-stage features, especially in the case of mantle xenolith as they often react with their host magma [e.g., Shaw et al., 2006] . If late metasomatic events last longer than several days or occur at higher temperatures, Li diffusion may quickly obliterate older signatures and becomes decoupled from other trace elements. Interpretation of trace element ratios, such as the widely used Li/Yb values, is therefore prone to error.
[53] 4. High B/Be and low Ce/B ratios in Group III amphibole and clinopyroxene most likely reflect metasomatism by a fluid phase with low Be and REE solubilities compared to B. This, together with evidences for diffusive Li decoupling from REEs indicates that geochemical fingerprints similar to ''slab signatures'' (with respect to the light elements in minerals) are possibly not distinctive.
Appendix A: Analytical Methods
[54] Li, Be and B concentrations in silicates (olivine, orthopyroxene, clinopyroxene, amphibole, phlogopite) and silicate glass were measured in situ, on polished thin sections by Secondary Ion Mass Spectrometry (SIMS) using a modified CAMECA IMS 3f ion microprobe (Mineralogisches Institut, Universität Heidelberg, Germany), equipped with a primary beam mass filter. A 14.5 keV/20 nA 16 O À primary ion beam was used. The surface imaged by the secondary ions was reduced from $30 mm to $12 mm by applying a field aperture (FA2; 750 mm). Positive secondary ions were accelerated to a nominal energy of 4.5 keV and the mass spectrometer's energy window was set to 40 eV. Secondary 7 Li, 9 Be, and 11 B ions were collected applying the energy filtering method [Ottolini et al., 1993] using an offset of 75 eV at a mass resolution (m/Dm) of $1030. The applied offset allows minimization of the matrix effects [see Ottolini et al., 1993, Figure 2] , while the chosen mass resolutions allow differentiation between 7 Li ions and 6 LiH molecules. The intensities were normalized to the count rates of 30 Si and calibrated against the NIST SRM610 glass standard (concentrations from Pearce et al. [1997] ). SiO 2 (wt%) concentrations in the respective phase were obtained by electron microprobe analysis. Secondary ion intensities were measured using an electron multiplier in counting mode, which is linear to count rates of at least 2*10 5 s À1 . The lower limit of linearity is set by the spectrometer's and the counting system's background. Concentrations in both samples and standards lie well within the linear range of the counting system. Using the SRM610 as standard (and not the SRM612 with $1/10 concentration) allows for a better precision of the calibration. The relative reproducibility was <1% [Marschall et al., 2006] . The accuracy is limited by matrix effects and the uncertainty of the element concentrations in the reference material. The accuracy is estimated to be <20% [Ottolini et al., 1993] . One analysis comprises 10 cycles for each element with an integration time of 8 s/cycle for Li, 16 s/cycle for Be and B, and 2 s/cycle for Si. The total analysis time was $12 min (including $400 s presputtering). Typical background counting times are $2*10 À2 cps (corresponding to $1 ng/g Li and Be and $3 ng/g B). The minimal detectable values (i.e., the detection limit L D of Currie [1968] ) are 4.7 ng/g Li, 2.9 ng/g Be, and 7.5 ng/g B (two samples, Ke 1965/15 and Ke 785*, have been analyzed with 4 s/cycle for Li and 8 s/cycle for Be and B, which increases the minimal detectable values to 7.7 ng/g Li, 4.7 ng/g Be, and 12.1 ng/g B). Count numbers of a cpx analysis in sample Ke 1963/2, for example, are in the order of 30 cps ( 7 Li), 3 cps ( 9 Be), 0.5 cps ( 11 B) and $50'000 cps ( 30 Si).
[55] As SIMS is a method were material is removed from a polished surface, contamination, especially in the case of boron [Shaw et al., 1988] , is always present. Owing to this and to the generally low concentrations of Li, Be and B in mantle rocks, careful sample preparation is essential. Thin sections for this study have been prepared at the Institute of Mineralogy (University of Heidelberg, Germany) following a standard protocol to minimize surface contamination [Marschall and Ludwig, 2004] . Pure glycol was used as lubricant and cooling liquid for sawing and polishing and all products containing boric acid were avoided. Samples were then coated with carbon for BSE investigation (textures) and electron microprobe analyses (major element composition of minerals; see above). After this, the carbon was removed using g-alumina powder and distilled water. Subsequently, the samples were cleaned in an ultrasonic bath using ultra-pure water from a Milli-Q water purification system (Millipore). Ultrasonic cleaning was repeated three times for about 10 min. Thin sections were then coated with gold. During SIMS analysis, presputtering further removes possible surface contamination. Applying the field aperture that limits the imaged field's diameter to less than the diameter of the primary beam avoids that surface contamination at the sputtering crater's edge reaches the mass spectrometer. Following this procedure described by Marschall and Ludwig [2004] , the boron contamination level is <2 ng/g. Lithium contamination is typically $50 times lower than for boron, and beryllium does not show any sign of contamination.
